Wax deposition is one of the most challenging flow assurance issues in oil production processes. The related problems span from reservoirs to refineries, but their consequences can be particularly challenging when the affected area is difficult to reach, such as producing wells. The wax deposition in the areas adjoining the bore, the bore face, the tubing string and the pump is the result of the cooling effect, which occurs when the oil flows from the high-pressure reservoir into the wellbore to the surface. During the depressurization the oil expands, and the heat is drawn from the oil. The temperature loss induces crystallization of the wax and the subsequent plugging of the well. In this case, wax deposition leads to the decrease of well flow rates and eventually causes total blockage. This paper sums up the main technologies applied to prevent or remediate the wax deposition formed inside the wells. A comprehensive review was presented, and the main advantages and disadvantages of these techniques were highlighted. For instance, the mechanical removal is still a widely used technique for solving wax problems inside wells, despite being a costly procedure; heating is another frequent used technique, but it can cause formation damage; bacterial treatments still require further studies on site conditions; changing the operational conditions may be undesirable due to other management field circumstances; coating and insulating materials generally are not fully efficient, being required to implement complementary techniques; cold flow was only tested in pipelines and it was not applicable to wells; finally WIT, electric and magnetic field or oscillatory motion are practical applications that have not been fully proven yet.
Introduction
Crude oil infrastructures are affected by wax depositions, both in pipelines and wells. Once precipitated, paraffin wax tends to agglomerate peripherally to the flow, next to its physical frontiers, leading to sectional decrease or, even, flow blockage.
As the flow temperature decreases below the cloud point (temperature below which wax forms a cloudy appearance) or wax appearance temperature (WAT), wax precipitation can occur. This phenomenon hinders flow by triggering non-Newtonian behaviour. The crude viscosity exponentially increases as the temperature reaches the pour point (temperature below which liquid becomes semi-solid and loses its flow characteristics). Consequently, a layer of sticky freshly precipitated paraffin waxes begins to develop by the flow peripheral frontiers. Over time, the crystallized wax particles aggregate to form a continuously growing paraffinic layer.
Numerous studies about wax deposition formation, prevention and removal were performed along the past several decades. However, a blatant majority of those studies has been focused in pipelines (Bern et al. 1980; Banki et al. 2008; Azarinezhad et al. 2010; Wang and Huang 2014; Hu et al. 2015; Jalalnezhad and Kamali 2016; White et al. 2017) , rather than wells. Such a circumstance is due to easiness in theoretically formulating, laboratory testing and real case monitoring of wax deposition in more accessible pipelines. Likewise, the location of pipelines at the production and transport extremities, frequently through subsea installations, make it more prone to experience lower temperatures and enhance the wax deposition probabilities (Quenelle and Gunaltun 1987) .
Nevertheless, wax deposits in wells do exist and pose a more complex problem to solve. Indeed, the theoretical formulation to describe it needs to recognize the complex well geometry, with multiple entries and sectional changes along length, as well as the effects of different artificial lifting methods. Furthermore, most of the preventing and removal techniques idealized for pipelines, especially the higher technological ones, are not viable in wells due to inaccessibility or disproportionate cost.
This document is a critical review on this flow assurance problem in wells. Its aim is to identify the most recent developments in prevention and removal techniques and investigate which of those have been validated for use in vertical oil wells or are in conditions for being validated in near future.
Methods to identify wax deposits inside wells
A large-scale wax deposit, or even a complete blockage of any production structure, can easily be detected, considering the associated production decrease. However, detecting smaller or incipient deposits is a stepping stone for assuring flow conditions, production in the long run, avoiding downtime and preventing costly interventions.
For such an end, there are several methods available for measuring the wax thickness on the pipeline's walls. For instance, indirect methods can be employed during the operation process, without downtime (Chen et al. 1997) . Among the possibilities, it is worth mentioning pressure drop method, heat transfer method, pressure wave propagation technique to find the blockage location by measuring the time spent by a pressure wave to be reflected back along the pipeline from the point of blockage (Chen et al. 2007) or the use of a calliper and video camera on a remotely operated submersible to measure the (previously pressurized) pipeline diameter.
However, practical methods to predict wax blockages inside the producing wells still need to be improved. Not all the former options are viable solutions for wells. In fact, the most common way for detecting wax deposits in wells is the pressure drop method. It is expected that the process of wax deposition will result in the increase of the pressure drop gradient. The pressure drop along the tubing can be expressed as:
where ΔP is the pressure drop (Pa), f is the Moody hydraulic friction coefficient (for Newtonian fluid f = 64 Re ), L is the length of the pipe (m), D is the inner diameter (m), is the
fluid density (kg/m 3 ), V is the velocity of fluid (m/s) and Q is the volumetric flow rate (m 3 /s). Considering the ratio between the real and the reference pressure drop, it is possible to estimate the wax layer thickness (Quan et al. 2016 ):
Assuming the maintenance of fluid properties ( real = reference ), the ratio is given by:
Rearranging the equation, it is possible to determine the net diameter:
The reduction of oil production, from Q reference to Q real , can indicate the decrease of net tubing area due to wax deposition, when it is accurate to consider stability in the reservoir pressure conditions.
Heat transfer method is used to compare the heat transfer coefficient before and after the appearance of the wax deposit layer.
The total heat transfer resistance is the summation of resistances due to convective heat transfer from bulk fluid to the pipe wall, conduction through the pipe wall and the insulation or coatings materials, and the convective heat transfer to the surroundings, given by Eq. (5): where T f is the bulk fluid temperature in the pipe, T o is the outside pipe wall temperature, q o is the heat flux through the outside pipe wall, r o and r i are the outside and inside radius of the pipe, k p are the thermal conductivity the pipe wall, and h o is the heat transfer coefficient from the outside pipe wall to environment.
After the wax deposit is formed, it is necessary to consider convective heat transfer from the bulk fluid to the paraffin deposit and conduction through this waxy layer, using the heat transfer as shown in Eq. (6): where h w is the heat transfer coefficient from the flowing fluid to the wax layer, k w is the thermal conductivity of the wax deposit, and, w is the thickness of the wax layer.
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Pressure wave propagation technique is a transient method that can detect the blockage location and predict the size and the length of the blockage (Adewumi et al. 2003; Vítkovský et al. 2003) . The pressure waves that propagate through the pipe are reflected after finding a blockage. The magnitude and time of the reflected pressure wavelet are related to the blockage characteristics (Chen et al. 2007) . The blockage severity is determined using Eq. (7): where A B and A are the cross-sectional area of the pipe with and without blockage, respectively; P i is the incident acoustic pressure, and P r is the reflected pressure from the blockage. Table 1 presents the main advantages and disadvantages of each wax blockage identification method.
Preventing wax deposition inside wells
Considering the effects of wax deposition on the productive wells, the technical challenges associated with its detection and the economic constraints imposed by its removal, preventing the phenomenon is preferable than taking corrective actions. Therefore, several methods for inhibiting the deposition process have been studied, most of them widely used for pipelines.
The following lines are deemed to discuss the usage of these methods in wells and its adaptation.
Operational conditions
The reservoir operational conditions depend on several technical and economic factors. To change one of them, it is necessary to evaluate the advantages and disadvantages of such a decision. For example, increasing the oil production could prevent the wax deposition growth, however, the cost benefit of increasing the pump energy consumption should be evaluated. Despite that, we believe it is still pertinent to illustrate how thermal or hydraulic parameters play a role on wax deposition. To avoid wax precipitation, it is necessary to assure that the flow temperature is above cloud point, as already discussed. If the oil production rate is sufficiently high to guarantee the minimum heat loss from the reservoir to the surface, the oil temperature will be above this onset point and it is expected that the paraffin deposits will not appear. Furthermore, higher rates will help preventing wax adhesion, due to shear action near the tubing surface.
The flowing regime also plays an important role in paraffin deposition. There are evidences suggesting the occurrence of lower maximal wax deposition rates for laminar Table 1 Advantages and disadvantages of each wax deposit identification method
Method

Advantages
Disadvantages
Pressure drop method The location of wax deposits along the well and its thickness investigation can be obtained from accurate measurements of frictional pressure drops, for singlephase flow. This method does not require depressurization and restart to obtain the measurements and does not impose any influence on the in situ and overall heat transfer Due to the complexity of pressure drop associated with multiphase flow, this method is not adequate to determine wax thickness in multiphase flow Another shortcoming is the inability to provide information about wax non-uniform circumferential distribution
Heat transfer method Non-intrusive method (Chen et al. 1997) This method is not suitable for multiphase flow because predicting multiphase heat transfer inside the pipe remains an unsolved issue. Furthermore, there are flow patterns, like slug flow, for instance, that conduce to a non-uniform heat transfer coefficient, challenging the application of heat transfer method
Pressure wave propagation method This method has advantages over the steady-state analysis methods, since it can predict the characteristics of the blockage
Critical hindrances are associated with powering the devices and generating sufficiently powerful signals to overcome the large signal attenuation related with wave propagation (Franconi et al. 2014) regimes, rather than for turbulent ones, at the beginning of the deposition process. However, for laminar flow regime, the deposit growth rate decreases slower than for the turbulent flow case, so that the deposit layer can ultimately be thicker than for the turbulent case (Sarica and Panacharoensawad 2012) .
Wax chemical inhibitors
For several decades, wax inhibitors, also named as pour point depressants (PPD), wax crystal modifiers or flow improvers, have been used with remarkable success in productive wells (Manka et al. 1999) . However, there are many more published papers about wax inhibitors' efficacy in flowlines and pipelines (Jennings and Breitigam 2010; Aiyejina et al. 2011; Chi et al. 2017; Jing et al. 2017; Anisuzzaman et al. 2017 ) than for wells. Typically, at site temperature, wax inhibitors are solids. Therefore, to pump it downhole, it is necessary to dilute such particles with solvent. The usage of solvent adds costs and increases the potential hazards.
Wax inhibitors contain crystal modifiers that avoid the formation of large wax molecules by bonding to the wax crystal and impeding further growth. Figure 1 shows a schematic representation of wax crystal modifier co-crystallization with wax crystals.
These polymers need to be added to the crude oil before the wax begins to crystallize. Since inhibitors can only perform effectively for a remarkably narrow range of crude oil compositions (Del García et al. 1998) , they must be designed for each crude oil. Likewise, Del García et al. (2001) described a strong relationship between a specific paraffin inhibitor's efficiency and the crude oil composition.
As composition may vary from one well to another, even from the same reservoir, and will also vary over time, periodic sampling and testing are necessary to ensure the chemical's effectiveness. Manka and Ziegler (2001) and Chen et al. (2010) referred that PPD does not entirely prevent the wax precipitation, but rather shifts its manifestation toward a lower temperature.
Commercially available inhibitors tend to be of limited efficacy. Its adequacy must be evaluated on a case-by-case basis, spanning a wide range of possible effects. For example, while testing some wax inhibitors, Wang et al. (2003) discovered that the analysed inhibitors reduced the total amount of deposition. However, they had limited success in suppressing the deposition of the high molecular weight paraffin components (above C 35 ), which leads to harder deposits than in the absence of a wax inhibitor. They also found that the most active inhibitors on depressing the WAT were more likely to be more effective for decreasing total wax deposition. Moreover, the addition of the corrosion inhibitor (oleic imidazoline) significantly increased the efficacy of deposition inhibition.
Studying the efficacy of commercial wax inhibitors on Nigerian crude oils, Bello et al. (2006) found that the use of a trichloroethylene-xylene (TEX) binary system, as an additive, was more effective and economically advantageous than using commercial inhibitors. According to Kelland (2009) , the most relevant types of wax inhibitors and PPDs include ethylene polymers and copolymers, comb polymers and assorted other branched polymers with long alkyl groups, such as alkyl phenol-formaldehyde, which are not as effective as comb polymers when acting on their own as flow improvers. Other types of wax inhibitors, such as polyesters and amine ethoxylate detergents or dispersants, may act partly by modifying the surface of the wall, rather than just the wax crystals, to prevent adhesion (Pedersen and Rønningsen 2003) , and many effective wax inhibitors create weaker deposits that are more easily removed by shear forces (Manka et al. 1999) and (Kelland 2009) .
A comparison between the efficiency of nanohybrid PPD and a traditional ethylene-vinyl acetate copolymer PPD (EVA) was performed by Wang et al. (2011) . They concluded that nanohybrid PPDs were more efficient than EVA in reducing the pour point and viscosity.
The search for an efficient PPD led Binks et al. (2015) to investigate how different pour point depressant polymers (HMn-MS-C18-22, LMn-MS-C18-22, LMn-MSA-C18-22 e LMn-MSA-C12) affected the pour point transition in mixtures of a single pure wax in a solvent. For such analysis, n-eicosane (C 20 or CH 3 (CH 2 ) 18 CH 3 ), n-tetracosane (C 24 or CH 3 (CH 2 ) 22 CH 3 ) and n-hexatriacontane (C 36 or CH 3 (CH 2 ) 34 CH 3 ) were used as wax component, with either n-heptane or toluene as the solvent component. It was noticed that the maximum pour point depression efficacy occurs when the PPD polymer solubility temperature is approximately 15 °C lower than the wax solubility temperature, in mixtures containing 20 wt% wax. Therefore, the easiest way to identify the best PPD candidate is to determine the solubility temperature of the PPD. Yang et al. (2015) studied a novel hybrid PPD, using poly(octadecyl acrylate) (POA) and POA/nanosilica hybrid particles. The addition of this hybrid nanoparticle resulted in free wax crystals with spherical morphology, that avoid the growth of the wax crystals network.
Other strategies have been drawn using certain chemicals' ability to interact with wax deposits. That is the case of the waxophobic nanochemical treatment (Tukenov 2014) . This treatment, whose assurance of wax deposition free production was found to last up to 3 months shows some interesting advantages, such as non-toxicity and non-volatilibility.
To understand the influence of the nanohybrid PPDs on flow properties of waxy crude oil, He et al. (2016) performed several experimental analysis. The results demonstrated an improvement in crude oil viscosity, pour point and yield stress, when comparing with the effect of conventional polymers.
To assess chemical inhibitors adequacy to Malaysian crude oil, Ridzuan et al. (2016) compared several inhibitors, namely: poly (ethylene-co-vinyl acetate) (EVA), poly (maleic anhydride-alt-1-octadecene (MA), diethanolamine (DEA), cocamide diethanolamine (C-DEA), toluene, acetone, and cyclohexane. Using the cold finger method and viscosity analysis, the authors sorted out that EVA is the most efficient inhibitor among the pool. Using EVA, the minimum amount of wax deposit and the highest paraffin inhibition efficiency were attained.
Also in 2016, Wei et al. (2016) conveyed a novel wax crystal modifier with "star-like" architecture, based on β-cyclodextrin. While the results rely only on numerical analyses and laboratory tests, the evidences suggest its ability to significantly reduce the yield stress of a highly waxy oil, as well as, the WAT of the treated oil. Microscopy observations revealed that this wax crystal modifier can efficiently mitigate wax deposition and reduce crystal size. It is also expected that the developed compound can disperse asphaltenes and prevent them from aggregation due to the polar groups such as -C=O and -OH.
Coating materials
By investigating the mechanisms by which waxes adhere to the walls, it is possible to sort out which materials make adhesion unfavourable. The usage of coating materials prevents the precipitated waxes from adhering to the tubing frontier surfaces. Such coating materials are wax-repellent surfaces and, depending on its effectiveness, can greatly reduce the use of inhibitors or the frequency of mechanical removal.
To design wax-preventing coatings, the operational borehole conditions should be considered. The coating material should be resistant to multiphase flow (oil, water, gas, sand) and the flowing simulation must consider the material friction coefficient and the diminution of the inner diameter due to the increment of the coating surface.
Furthermore, to endure long-term operability, the coating material should also be chemically inert, anti-abrasive, anti-corrosive and resistant to other deposits namely: waxes, resins, asphaltenes and scales.
To reduce the effect of wax deposits, successful tests were carried out with hollow rods glass coated on the inside, in the Soviet Union. It was possible to observe a reduction of wax deposits using glass (Szilas 1975) .
To share the experience about using glass-reinforced epoxy resin (GRE) tubing in a real production field located at Oman, Archibald and Bulstra (1981) published the results of using this coating material in two water injectors and one gas-lifted oil producer. The two water injectors' tubes had satisfactory behaviour, however, the gas-lifted oil producer tubing failed. Three potential causes may have led to its failure: fatigue, over torque or the wireline operations. Li et al. (1997) studied the wax prevention mechanisms using a glass inner layer inside a pipeline. When the water content was higher than 60%, they observed that the wax deposited on the wall of the glass tube was reduced. On the contrary, for higher water content, when the water flowed as plug flow, the wax deposited on the wall of the glass tube was higher than in steel. Paso et al. (2009) performed a comprehensive review of the use of non-stick and anti-adhesive coatings for inhibiting solid-liquid deposition phenomena, including metal surface treatments and synthesized polymers. Most meaningful results have been achieved with fluoro-siloxanes, fluoro-urethanes, oxazolane-based polymers, and hybrid diamonds like carbon and polymer coatings. Zhang et al. (2002) , Guo et al. (2012) and Wang et al. (2013) studied the influence of different chemical conversion coatings on wax deposition. These coatings, with a special liquid wettability and non-wax stick properties, have hydrophilic and super-oleophobic properties in a water-oil mixture.
Recently, Liang et al. (2016) studied Zn-coated A3 carbon steel immersed in a phytic acid ( C 6 H 18 O 24 P 6 ) solution. The prepared coatings had special wetting behaviours of super hydrophilicity and underwater superoleophobicity. The wax deposition tests, along with the calculations performed with the water film theory, suggest a very good behaviour for preventing wax depositions for this environmentally friendly solution.
Insulators' (heat-proofing) materials
When wax deposition prevention depends on keeping the flow temperature above one certain threshold, either with or without downhole heating, insulating the tubing becomes a necessity. One particular case occurs when insulation materials are installed in contact with the flow. In such cases, the selected material can provide insulation and coating, yielding a double action against wax deposition.
A wide range of organic and inorganic materials are available for thermal insulation. However, only a few are suited for application in wells, considering mechanical and chemical resistance requirements, significant access, installation and maintenance limitations and cost effectiveness, considering the great lengths involved.
Since the thermal insulation goal is to reduce heat transfer between inside and outside, the fundamental material requirement is a low thermal conductivity (Bahadori 2014) . In these circumstances, plastic materials are the most adequate. Among those, polyurethane and isocyanurate are commonly used (Bahadori 2014) . Nevertheless, chemical industries are continuously providing solutions with increased efficiency and cost effectiveness, such as ethylene tetrafluoroethylene (ETFE) plastic pipe coating (Bagdat and Masoud 2015) .
Within the specific case of downhole insulation, vacuuminsulated tubing (VIT) has been the favoured option (Lively 2002) . Despite its excellent thermal behaviour, its cost remains a concern. Thus, some variants, such as VIT with appropriate polyurethane coupling insulation, have been investigated (Singh et al. 2007) showing good results and economic viability for the coldest environments.
Heating techniques to prevent wax deposition
Due to oil expansion from the reservoir to the surface and the heat dissipation along the well, the temperature of the oil decreases. Preventive procedures to avoid wax deposition include improved heat retention using active heating such as the use of electrical heating devices inside the well (Bosh and Eastlund 1992 ). The energy provided by an electrical heater will keep the oil temperature sufficiently high to prevent paraffin crystallization and the subsequent deposition. Furthermore, by heating the crude, the viscosity will decrease, improving the fluid flowability and possibly conducing to higher pumping rates. Danilović et al. (2010) studied the use of heating cables for solving paraffin deposition problems in wells' upper tubing. With remarkable success and easy installation, this solution was able to solve the deposits by heating, while increasing the flow, by reducing oil viscosity. Figure 2 shows how the heating cable is helically placed around the tubing.
Electric bottom-hole heaters are designed to deliver controlled amounts of heat energy using externally controlled power cables. Figure 3 shows a schematic representation of a bottom-hole heater.
Although electric bottom-hole heaters offer several operating advantages that could not be obtained with other heating methods, some serious disadvantages have been experienced in site conditions. For example, the power cables, when facing the severe conditions encountered in the wells, show lack of resistance or the deterioration of the rubber insulation, posing serious concerns about this Fig. 2 Heating cable into the well. Adapted from (Danilović et al. 2010) method. Furthermore, there are records of mechanical failures during the operation (Guerreiro et al. 2012) . Electrical heaters frequently burn out, so it is prudent to use an automatic switch to shut off the current when the heater becomes overheated.
Recent numerical investigations have been developed to calculate the heat required for an electrical cable, Kovrigin and Kukharchuk studied an automatic control system considering the minimum heat necessary to melt the waxes and simultaneously guaranteeing that the temperature would not surpass the maximum operating temperature of the cable insulation (Kovrigin and Kukharchuk 2016) .
Cold flow
One interesting thermal method for inhibiting wax deposition, other than heating, is the cold flow technology (MerinoGarcia and Correra 2008) . This technique is deemed to prevent deposition on the flow frontiers by reducing the bulk temperature within the flow to be equal to the temperature of such frontiers around it, thus eliminating the temperature gradient. Therefore, the waxes are transported as a solid particle suspension within the bulk fluid. While wax deposition may be avoided by eliminating the heat flux, even below the WAT, much work is still needed to develop the technology required for effectively cooling the bulk fluid to this condition and for transporting the resulting cold slurry over long distances. Additionally, Haghighi et al. (2007) and Azarinezhad et al. (2010) proposed a wet cold flow-based concept with the potential benefit of wax inhibition.
It is important to observe, though, that geothermal gradient along long wells is a severe constraint for creating the thermal conditions necessary to materialize a cold flow technology realization (Fig. 4) .
Acoustic methods
Acoustic (or sonic) methods have recently gained wide employment within the enhanced oil recovery context. Recent research (Hou et al. 2015) reports findings on several mechanisms introduced by acoustic mechanisms, namely the influence of acoustic waves on oil fluidity, pressure gradient and interfacial tension of capillary in the reservoir, as well as the acoustic impact-induced fluctuations on oil reservoir pressure.
Furthermore, recent applications in existing wells in the Russian Federation and the United States of America found stimulation methods by radiating systems of downhole tools that proved to be very effective for oil recovery (Mullakaev et al. 2015) (Fig. 5) .
Acoustic methods have been studied in the past decades and its effects are already well-known (Hamida 2007) . Ultrasonic irradiation has proven to be an effective tool to stimulate multiphase flow through porous media, even though acoustic interaction between fluid and rock still requires further studies. Among the mechanisms usually referred for enhancing the flow of oil through porous media in the presence of an acoustic field, capillary effects and several Such approach has long been proposed by Roberts et al. (1996) . Their reported experiments proved the capacity of cleaning precipitated paraffin deposits inside the rock pore space matrix using acoustic energy, since exposure of such deposits to direct acoustic radiation favoured its easy removal.
Nevertheless, consulting the available bibliography, practical and effective means to apply these principia to wells in an extensive manner have not been found yet.
Wax inhibiting tool (WIT)
To mitigate wax deposition problems in Niger Delta explorations, the use of metallic equipment has been reported. Such solution, usually referred to as wax inhibiting tool (WIT) is a device made in alloys that can change crude oil properties, while it flows through them.
A Silver-Hawg WIT has been assessed by Sulaimon et al. (2010) . Albeit the equipment proven functionality, whose crude oil modification implies keeping paraffin and other waxes in suspension, as well as breaking up long chains of hydrocarbon molecules, the practical results have shown some shortcomings. In fact, the tubular tool fulfilled its purpose in a limited number of applications, leading to the conclusion that its position inside the production tubing or along the flow line requires further studies. Indeed, the aforementioned studies found that the tool works properly only when installed at the wax nucleation depth.
Shortly after, Sulaiman et al. developed a Piezoelectric WIT using semi-precious metals and quartz (Sulaiman et al. 2011 ). Zinc and lead were mixed with quartz and, subsequently used to fabricate the tool with an aluminium matrix. Site testing in a flow line was able to provide encouraging results, as the thickness of the assessed deposits reduced significantly (over 32%).
Another inhibiting tool, that applies passive energy to the fluid, was studied by Hamilton and Herman (2011) . Field experience, using this device inside the wells, did show an improvement in the gross fluid production and a reduction of pumping frequency.
Electric field
Considering the difficulties reported in using heating methods and drag-reducing agents, namely high-energy consumption and environmental impacts in the former and high costs and lack of efficiency for laminar flows in the latter, further methods have been developed. Thus, from 2006 on, several electrorheology applications have been reported. After several developments, Tao and Tang proposed imposing a strong local electric field which is able to polarize oil-suspended particles, in pipelines (Tao and Tang 2014) . Induced dipolar interaction forces aggregate particles into short chains and, therefore, decrease crude oil viscosity.
The aforementioned study found the method to be effective for several types of crude oil, including asphalt base crude oil and paraffin base crude oil. Its effect is almost instantaneous and lasts for more than 11 h, along which viscosity is significantly lower and flow rate can increase up Fig. 5 Treatment of the nearwellbore area by the downhole tool PSMS-102. Adapted from (Mullakaev et al. 2015) to double. One very interesting advantage is the low energy consumption.
Recently, other methods involving the use of electric fields have been proposed. For instance, Krasnov et al. (2017) suggested employing electric current throughout pipelines or downhole equipment to create cathode polarization. For attaining this, two methods are possible. Those methods are either the imposition of an external source of current or artificial creation of galvanic elements. With this technique, several effects are pursued, namely the decrease of adhesion among crude oil particles, local heating and creation of an electrostatic field, whose polarity avoids particles' deposition.
Magnetic field
According to Gonçalves et al. experiments, a magnetic field was found having an impact on the paraffin crystal formation, since it avoided the formation of paraffin cluster (Gonçalves et al. 2010) . They found out that under a 0.3 T magnetic field, the crystallization was lower than that without the effect of a magnetic field. However, they also found that rheological changes in crude oil due to magnetic fields exposure is strongly dependent on the crude constitution (Gonçalves et al. 2011) .
Previously, Tao et al. had also noticed that applying a magnetic field could reduce the crude viscosity. Their experiments shown that a paraffin base crude oil could have its viscosity reduced for several hours. Using a magnetic field will not act upon the oil temperature but will temporary aggregate paraffin particles into the crude oil (Tao and Xu 2006) . Subsequently, a viscosity reduction is expected.
It is important to observe that the experiments, that substantiate the former results, have been derived from small laboratory apparatus or short pipelines. Thus, the results' applicability and the technology adequacy applied to wells require further studies.
Oscillatory motion
Oscillatory motion has been proposed as a method for wax deposition avoidance and removal. Such hypothesis can be theoretically sustained through Avrami theory (Ismail et al. 2008 ), but its practical application has not been proven yet. To investigate its practical effectiveness, the aforementioned researchers performed laboratory experiments.
The attained results are interesting but are far from granting feasibility to the technology. In fact, oscillatory motion was able to significantly reduce the wax deposition (40-60%) and completely prevent wax gelation from occurring, provided the wax content is low. However, at higher wax contents, the results were contrary. Oscillation accelerated crystal growth so that total wax deposition was even achieved.
In this manner, beyond being a difficult technology to implement, the uncertainty in crude oil contents may hinder putting this method to practice.
Wax removal techniques
Either when wax deposition cannot be prevented or when the employed prevention techniques do not offer a fully effective solution, removal techniques become necessary to avoid production decrease or, even, total blockage.
Among several methods developed mostly for pipelines, a few can be used in wells, namely mechanical removal methods, fused chemical exothermic reactions and wax-removing chemicals (paraffin solvents and dispersants). To these options, one can add bottom-hole heaters, which have been developed solely for wells.
To discover more efficient and cost-effective removing techniques, several investigations have been carried out. Below, a critical review of such methods is presented.
Mechanical removal
The most straightforward, antique and widely used technique for solving wax problems inside wells is mechanical removal (Irwin 1955) . It is common to let the paraffin accumulate inside the flowing wells, until a certain amount, and then remove it using mechanical devices. In oil wells, usually, scrapers and cutters are used to remove paraffinic deposits (Al-Yaari and Fahd 2011). There are generally two types of tools: one that cuts the deposit from the tubing and allow the producing oil to bring it to the surface, and another one that scraps and removes the deposit from the tubing. Figure 6 shows an example of a schematic wax cutter used to cut deposits from the casing (left) and from the tubing (right), without interfering with the production. Figure 7 shows an example of a schematic wax hook used to scrape and remove wax deposits from the casing (left) and from the tubing (right).
During this procedure, the cutting tool or the scraper scratches the tubing wall due to the metal-to-metal contact. This roughness promotes wax deposition, as it has been proven that paraffin deposits tend to adhere to roughened surfaces rather than polished metal surfaces.
Scrapping physically removes paraffin without melting it. This procedure includes launching the equipment along the pipe to scrape paraffin deposits from the walls. However, this could lead to the risk of forming a wax plug as the scraped wax accumulates.
If paraffin deposits are very hard, mechanical removal can be supplemented by a chemical soak.
In pumped wells, when the wax deposition grows the load on the rods increases. If the deposits are not removed, the load becomes so excessive that the rod breaks. Furthermore, the existence of tough waxes also hinders while pulling the broken rods.
If the producing well has a downhole centrifugal pump, a common option is to use a scraper attached to a wireline. Nevertheless, this procedure may be counterproductive, since during these operations, the wireline may break, and If the paraffin problems are extensive and require frequent mechanical removal operations, this procedure may become costly. Additionally, for isolated wells, the minimum charges can also be expensive. Generally, this procedure is used when hot oiling cannot be used (Khandekar 2015). However, mechanical removal is not so efficient as hot oiling, being about 67% effective (Khandekar 2015).
Chemicals
Two types of chemicals are commonly used for removing wax depositions: the first generates heat as a result of an exothermal chemical reaction, which occurs in the well when it is mixed with other specific chemicals or water; the second group of chemicals includes the solvents and dispersants that need to be added continuously to treat the oil.
Chemical exothermal reactions
Using chemicals to remove wax deposition from the tubing is very unlikely, due to the difficulty of causing an exothermal chemical reaction in the right location, to melt the wax deposition inside the tubing. In fact, if this reaction occurs in the bottom of the well, the heat will probably dissipate before achieving the paraffin accumulation. To assure the occurrence of the melting process, a large quantity of chemicals needs to be used, which makes this method economically non-viable.
Considering this, Ashton et al. performed experiments with a delayed reaction chemical compound based on NH 4 Cl and NaNO 2 (Ashton et al. 1989) . With it, they were able to heat a region around the wellbore, as well as on lowpermeability sections of the formation. The extent of the heated zone depended on the volume of pumped chemicals. Despite the functional improvements, practical application and cost effectiveness of the method remain an obstacle for its widespread use. Nevertheless, some applications have been found, such as the one documented by Tiwari et al. in Indian oilfields (Tiwari et al. 2014) .
They reportedly used the following exothermic reaction in one successful trial after laboratory testing, using sodium nitrite ( NaNO 2 ), ammonium chloride ( NH 4 Cl ) and attaining sodium chloride ( NaCl):
Exothermal reactions can, either, be mixed with other effects to compose more robust dewaxing thermo-chemical packages. One example is the nitrogen generating system, pioneered by Petrobras in 1992 (Thota and Onyeanuna 2016) . Beyond the exothermal effect, the ammonium chloride and sodium nitrite package count with its effervescent NaNO 2 + NH 4 Cl → NaCl + N 2 + 2H 2 O. reaction to remove wax deposits. Albeit it was used for a long time, this technology also showed the shortcoming of offering a solution that is very constrained in space, to the point where the chemicals are injected. Considering this, Halliburton developed in 2012, a similar package with a delayed effect, the SureTherm (Thota and Onyeanuna 2016) . Its trials in West Africa have reportedly been successful.
Chemical solvents and dispersants
Two types of chemicals can be used to remediate wax deposition: solvents and dispersants. While the first is used to dissolve the paraffin deposits, dispersants are responsible for breaking up the wax particles so that the production flow carries it.
Using gasoline, kerosene or benzol as chemical solvent is possibly the oldest method to remove wax deposited inside the wells. To remove wax deposits, gasoline is considerably a better solvent than kerosene. The suitability of using solvents to remove waxes depends upon the solvent cost. However, as the solvent is also recovered as crude oil, the added value should be deduced from the solvent gross cost.
This method can be applied in pumping wells, but it can hardly ever be used in natural flowing wells, since it is hard to inject liquid solvents into the flowing wells.
Straub et al. tested several solvents (xylene, kerosene, diesel, condensate, oil, toluene, gasoline, and mixtures of the products) to access which one could reliably dissolve paraffinic deposits, for a wide range of wells (Straub et al. 1989) . It was proven that xylene or xylene mixtures dissolved the paraffin faster than the other solvents, for 82% of the tests. They concluded that the solvent reaction is mainly influenced by the solvent type, paraffin characteristics, and temperature.
According to Al-Yaari and Fahd, carbon tetrachloride and carbon disulphide have been used as the universal solvent (Al-Yaari and Fahd 2011) . Kerosene, condensate and diesel oil are used too, as solvents, to dissolve the low asphaltene content in paraffin deposits.
El-Gamal et al. synthesized nitrogen-based one component polymeric structures that exhibit dual function: wax dispersants and flow improvers. They determined that the dispersing effect is dependent on the polar effect of nitrogen/oxygen. It is also mentioned that their effectiveness is a function of permeability inside the paraffin wax crystals' formation (El-Gamal et al. 1998) .
Heating techniques to remove the wax deposits
The main purpose of this solution is to supply heat to the producing wells to melt and dissolve the deposited paraffin, so that it can be transported with the oil to the surface. However, when heating the produced oil, special attention should be given to guarantee that the oil temperature will not rise too much, otherwise the crude may coke and plug the wellbore.
Besides the usage of bottom-hole heaters, other heating methods are used to remove wax deposits, namely: hot oil circulation and hot water circulation. The first one consists of heating a portion of the produced oil and returning it into the well. During the oil heating process, the lighter components will evaporate, and the commercial value of the oil produced during the dewaxing operation will be lower. When hot oil flows between the tubing and the casing, it loses its internal heat to the outside surrounding areas. If this high paraffinic hot oil reaches the bottom hole with a temperature below WAT, wax deposition can occur. Furthermore, the crude oil can contain other solids like iron sulphide, clay, sand or iron oxide that can also deposit.
The concept of using hot watering is like hot oiling, and this method is used as an alternative to it. Water contains a higher heat capacity than the oil, for the same temperature, making it an interesting solution and cost effective. The other advantage of hot water is that water does not contain contaminants that may be present in oil (Khandekar 2015) . However, hot water cannot provide the solvency available in hot oiling. Furthermore, surfactants need to be added to help the dispersion of wax into the water phase. To be effective, the surfactant needs to be in contact with melted paraffin, otherwise the mixture of water and surfactant will produce very large water-wet particles of wax. To demulsify the water-wet waxes solution, greater amounts of demulsifier needs to be used than usually used in the two-phase water and oil.
Injecting steam into the space between the tubing and the casing is another heating technique used to dissolve the paraffinic waxes. The steam should be applied to a depth below the lowest point of accumulation, to heat the crude oil between 55 and 65 °C. Moreover, the amount of heat and the duration required will depend upon the well conditions and this can only be determined by testing in site. Nevertheless, it is common to leave the steam produce effect for 3-6 h.
To apply this method, the available steam pressure must be higher than the formation pressure. Furthermore, it is necessary to guarantee that the condensate steam will not damage the formation or emulsify with the oil, causing emulsion troubles.
The steam injection is a suitable method to remove wax deposits. However, to apply this procedure, it is necessary to stop the production while the wax is being removed. If the production does not begin immediately after the valve is open, after the steaming, the melted wax will accumulate and settle below the valve.
The usage of steam is not as economical or practical, as using a scraper. However, in some oil fields where the steam is available without extra expenses, this method must be used.
Recently, Zyrin proposed the use of an electrical heating device on the well bottom zone, adjoined with electrical steam generator (Zyrin 2016) .
None of these measures is seen to be effective in the long term to prevent wax deposition in the field cases. For instance, Straub et al. denoted that hot oiling treatments performed did not produce permanent advantages (Straub et al. 1989 ).
Bacterial treatment
Biological wax removal methods have been thoroughly investigated in recent years by several researchers. The results attained by Rana et al. showed that the developed bacterial systems of paraffin-degrading bacteria with nutrient supplements and growth enhancers could eliminate the need for repeated scrapings of wax over a period of several months (Rana et al. 2010) . If successfully implemented, these methods have the benefit of providing continuous control of wax deposition through constant biodegradation, instead of just providing a temporary solution.
Etoumi et al evaluated the use of Pseudomonas bacteria for the reduction of wax precipitation in waxy crude oils (Etoumi et al. 2008) . They concluded that Pseudomonas species can emulsify immiscible hydrocarbons such as kerosene, toluene, xylene and crude oil. Other researchers, such as Sifour et al. corroborate this conclusion (Sifour et al. 2007) . Pseudomonas treatment on crude oil was shown to be effective in reducing the concentration of long-chain hydrocarbons (C 22 +). Furthermore, Etoumi et al. concluded that Pseudomonas species are able to reduce paraffin deposition, and that the speed of the biochemical action on crude oil is faster within the first 7 days. They also observed a reduction in viscosity and WAT which is indicative of the conversion of long-chain alkenes to short ones (Etoumi et al. 2008) . Also, Sood and Lal studied the paraffin degradation of crude oil by a thermophilic, paraffin-degrading, bacterial strain (Sood and Lal 2008) .
Within the laboratory domain, Xiao et al. used two microbial strains to remove paraffin deposits on stainless steel surfaces (Xiao et al. 2012) . Those were Pseudomonas Aeruginosa (N2) and Bacillus Licheniformis (KB18). They were able to draw the conclusion that biosurfactant-producing species can change the wettability of stainless steel to water wet and reduce the adhesion of the aqueous phase to the stainless steel by forming an emulsion. This mechanism may be of paramount importance to preventing the paraffin deposition. These studies reached very promising results in what concerns the process efficiency. In fact, the paraffin removal efficiency accomplished by bacterial treatment could reach 79.0%. Previously, Lazar et al. composed Oscillatory motion ✓ Practical application has not been fully proven yet a special bacterial consortium, by isolating and selecting naturally occurring bacterial strains and bacterial consortia from waste hydrocarbon-contaminated sites, with which they were able to remove solid and semi-solid paraffin depositions on flow equipment (Lazar et al. 1999) .
Beyond the laboratory and piping domains, the research undertaken in field and test wells is extremely important, once it provides sensible information on the applicability of bacterial treatments in real conditions and in large scale.
Despite the scarce availability of results in those conditions, it is important to highlight the work of He et al. since they identified, through field tests, two Bacillus species and a Pseudomonas species that showed good paraffin removal properties in test wells (He et al. 2003) . Using those, it was shown possible to increase oil production and eliminate the need for more expensive wax removal processes.
Moreover, Xiao et al. were able to mitigate paraffin deposition through the injection of a biological solution in oil wells during a pilot test (Xiao et al. 2012) . As a result, most of the treated wells flowed for 6-8 months without any wax deposition. In addition, the average period of effectiveness for the surface flow lines was 4-5 months after treatment.
Previously, Santamaria and George had studied the use of commercially available bacteria on five wells with paraffin Production phase deposition problems (Santamaria and George 1991) . In severely affected five wells, they were able to reduce the periodicity of heavy maintenance production interruptions, from twice a week or twice a month to once every 6 months by pouring paraffin-treating bacteria. Despite not having reported adverse effects in produced water from the wells, nor the increase in corrosion problems, those could not be definitively ruled out. Furthermore, those specific bacteria have its use limited to water-producing wells, with bottomhole temperatures not exceeding 100 °C.
Conclusions
Currently, the technical solution of most widespread use for removing wax deposits in vertical oil wells is mechanical removal. Considering both the classic approaches and the most recent state-of-the-art technologies, it is reasonable to foresee that in future, significant developments and practical applications will occur concerning the remaining technologies, namely the development of new chemical inhibitors, innovative heating devices and effective bacterial treatments that could be injected in wells. For each wax preventive or removal method discussed, a critical review spanning their main advantages and disadvantages can be found in Table 2 .
As a final remark, it is important to stress out that any sensible evolution within the prevention and removal techniques will necessarily require advances in the wax deposition modelling, to enhance its adequacy and efficiency.
To decide which technique should be used to prevent or remediate the wax deposition, a decision tree is presented in Fig. 8 , showing only the most used techniques.
